Abstract: Plant leaf area index (LAI) is a key characteristic affecting field canopy microclimate. In addition to traditional professional measuring instruments, smartphone camera sensors have been used to measure plant LAI. However, when smartphone methods were used to measure conifer forest LAI, very different performances were obtained depending on whether the smartphone was held at the zenith angle or at a 57.5° angle. To validate further the potential of smartphone sensors for measuring conifer LAI and to find the limits of this method, this paper reports the results of a comparison of two smartphone methods with an LAI-2000 instrument. It is shown that both methods can be used to reveal the conifer leaf-growing trajectory. However, the method with the phone oriented vertically upwards always produced better consistency in magnitude with LAI-2000. The bias of the LAI between the smartphone method and the LAI-2000 instrument was explained with regard to four aspects that can affect LAI: gap fraction, leaf projection ratio, sensor field of view (FOV), and viewing zenith angle (VZA). It was concluded that large FOV and large VZA cause the 57.5° method to overestimate the gap fraction and hence underestimate conifer LAI, especially when tree height is greater than 2.0 m. For the vertically upward method, the bias caused by the overestimated gap fraction is compensated for by an underestimated leaf projection ratio.
Introduction
Plant leaf area index (LAI), defined as a single leaf area per unit ground area [1] , is an essential parameter for controlling mass and energy exchanges between the plant and the environment. The most reliable method for LAI measurement is destructive sampling, but this is time-consuming and suited only to low-growing plants such as crops and grass. For taller plants such as conifer forests, it is difficult to destroy plants to measure their leaf area. Compared with the manual destructive sampling method, optical sensors have proved to be a more efficient method of indirect measurement since the 1980s [2, 3] .
The optical sensor-based indirect LAI measurement, which measures plant transmittance directly, and plant LAI were estimated using a canopy light attenuation model. In this context, an imaging or non-imaging sensor may be used depending on how plant transmittance is measured. For example, LAI-2000(Li-Cor Biosciences, Lincoln, NE, USA), TRAC(3rd Wave Engineering, Nepean, Ontario, Canada), AccuPar(Decagon Devices, Inc, Pullman, WA, USA), and sunScan are representatives of the non-imaging method, whereas Can_Eye(www6.paca.inra.fr/can-eye) and HemiView(Delta-T Devices, Cambridge UK), which are normally used to process digital hemispherical photographs (DHPs) to calculate canopy transmittance, are popular imaging sensorbased methods. Due to greater availability of cameras for capturing images, imaging sensor-based methods are becoming increasingly popular. Among imaging sensor-based methods, a new development that uses a smartphone camera sensor rather than a general-purpose digital camera has emerged recently [4] [5] [6] [7] [8] [9] . Building on the high performance-price ratio and multi-sensor integration of the smartphone, this approach has attracted much attention to measuring LAI using smartphone camera sensors.
Confalonieri et al. [5, 6] have developed an Android-based mobile application called PocketLAI that can be used to classify plant and background pixels (e.g., sky) in a image acquired at a zenith angle (VZA) of 57.5° and can then estimate LAI using the plant gap fraction at this zenith angle. Qu et al. [9] implemented a smartphone-based LAI measurement instrument called LAISmart. Unlike PocketLAI, which can capture images only at a VZA of 57.5°, LAISmart has no constraint on the observation angle. The operator determines the optimum viewing zenith angle depending on the canopy structure. Therefore, LAISmart can measure not only tall plants using upward-facing images, but also low plants using downward-facing images. To adapt to different plant heights, LAISmart provides a scalable support system. De Bei et al. [8] developed an iOS-based application called (APP)-VitiCanopy. Their algorithm originated from the code implemented in a MATLAB script [10, 11] that extracted LAI from a general camera canopy image. VitiCanopy measures plant LAI through vertically upward photography. Not only gaps within the canopy, but gaps between canopies are calculated, enabling it to produce a canopy clumping index besides the canopy LAI or effective LAI that is the direct output of LAISmart and PocketLAI. The clumping index can be further used to transform estimated effective LAI into true LAI. At present, VitiCanopy is mainly applied to grapevines.
In summary, three methods have been developed to measure plant LAI using a smartphone camera sensor: LAISmart, which calculates LAI using a flexible zenith canopy gap fraction, and PocketLAI, which uses a 57.5° gap fraction. Unlike LAISmart and PocketLAI, which produce effective LAI, the third type of smartphone-based method, VitiCanopy, calculates not only effective LAI, but also true LAI using a canopy clumping index calculated from the upwards zenith gap fraction. This paper compares the performance of smartphone-based methods to measure conifer LAI. Two of the three methods were chosen to carry out the comparison: LAISmart and PocketLAI. The reason the VitiCanopy method was omitted was mainly because when LAISmart is operated in upwards zenith mode, there will be no obvious difference from VitiCanopy if the classification accuracy of the image is kept at a comparable level. Another reason is that the effective LAI is the focus of this paper, and therefore there is no need to calculate clumping index, although it is the unique feature of VitiCanopy.
Francone et al. [12] have achieved good verification results measuring maize and grassland with PocketLAI. However, in conifer forest, Orlando et al. [13] found that it was hard to obtain a satisfactory LAI using PocketLAI. In addition, Qu et al. [9] found that the LAI value obtained at 57.5° were much less than those from LAI-2000. Preliminary work carried out independently in different countries on similar conifer forest canopies has given indications that the smartphone-based method at a viewing zenith angle of 57.5° may be dubious. However, all the above conclusions were reached based on a small observed data set. For instance Orlando et al. [13] used observed twelve data on coniferous forests, whereas Qu et al. [9] obtained data only on two dates.
This line of research is now entering a new stage where, despite the advantages of smartphonebased LAI measurement methods, it is time to perform more verifications and comparisons to ensure that this method is suitable for measuring coniferous forest LAI. The goal of this paper is to verify further the potential and limitations of different smartphone sensor-based methods for measuring coniferous forest LAI, to reveal the main factors influencing observational accuracy, and to provide a reference for quick, accurate acquisition of coniferous forest LAI data on a regional scale.
Methodology and Data

Estimation of LAI using a smartphone camera sensor
LAISmart [9] and PocketLAI [5] share a common canopy light attenuation theory that describes how light transits from the top of the canopy to the sensors placed underneath. This theory can be formulated as the Beer-Lamert law [14] :
Then LAI can be obtained as:
,
where P(θ) is the canopy gap fraction at the sensor zenith θ and G(θ) is the projection of unit foliage area on the plane perpendicular to the view zenith θ.
The basic difference between the two methods is that PocketLAI uses the gap fraction at a fixed zenith of 57.5°, whereas LAISmart provides a flexible zenith option with no constraint to a fixed angle. However, previous work has suggested that LAISmart will produce fairly good results if it is operated using the upward zenith mode for measuring conifer canopy LAI. This paper follows the indications of previous work.
To calculate LAI using the gap fraction, the G-value should be determined for the canopy structure. LAISmart uses a G-value of 0.5 on the assumption of a spherical distribution of leaf angle [15] , whereas PocketLAI uses the same value, but derived from the theory of inclined point quadrats [16] .
Hence, LAISmart and PocketLAI can easily calculate LAI when the gap fraction is obtained from images segmented into vegetation and sky pixels:
57 2cos(57.5)ln (57.5)
where LAI0 and LAI57 are the estimated LAI from LAISmart and PocketLAI respectively. Another instrument for measuring conifer LAI is LAI-2000, which uses a multi-angle gap fraction to estimate LAI, unlike the smartphone-based methods that use only one zenith angle. The LAI-2000 algorithm has been widely recognized in the literature, and interested users are encouraged to find detailed information on LAI-2000 in these references [17, 18] . Because LAI-2000 has been validated on a wide range of vegetation types, this research has used the LAI value from the LAI-2000 instrument as a reference to compare the two smartphone methods.
Field experiments
The experimental area was located around the National Field Observation and Research Station of Inner Mongolia-Great Xing'an Forest Ecosystem of China (50.906°N, 121.502°E) in Genhe City of the Inner Mongolia Autonomous Region in northeastern China [19] (Figure 1a) . As the northernmost and coldest area in Inner Mongolia, Genhe is located in the cold and humid temperate forest climate region. Annual average temperature is approximately −5.3°C, and precipitation is approximately 300 mm. The research site has a hilly topography with slight gradients (80% less than 15 degrees) and a mean altitude of approximately 950 m. Field experiments were carried out in a 1 km × 1 km area covered by conifer forest mainly composed of Larix gmelini (Figure 1b) . Stand measurements were not available during the experimental period of this research, but descriptive information about forests in the same region can be found in the published literature( Table 1 ). The actual data may differ slightly from published data, but will still be valid as a reference for this region because the Genhe region is covered by old-growth primary forest that has never suffered major human disturbance. The field measurements were conducted on May 26, July 25, and September 22, 2016, an observation period that covered the growth, development, and withering of coniferous leaves. Note that in the first set of observations (May 26), only 10 ESUs were measured due to limited duration of field observation time, whereas 20 ESUs were measured on the other two dates. When the data were collected using the three instruments described above, cloudy weather conditions were selected to ensure strong scattered light and weak direct sunlight in the sky. The experimental observation dates, instruments, and numbers of data points are listed in Table 2 . 20 20 Both smartphone sensor methods first captured the canopy images, after which the gap fraction was retrieved from each image. An automated segmentation method was used to classify all the pixels into sky or vegetation pixels [5, 21] . The gap fraction was calculated as the ratio of the number of sky pixels to the total number of pixels. Then the LAI value was calculated using Eqs. (3) and (4) .
To compare the two smartphone sensor methods, a regression model was established as a linear equation through the origin using estimated LAI (LAI0 or LAI57) with a reference LAI equal to LAI-2000. To evaluate the performance of the linear model, the coefficient of determination (R 2 ) was calculated. Certain other metrics were also calculated to evaluate the two smartphone sensor methods against LAI-2000 [22] . The performance of the models in reproducing observed data was quantified using the mean absolute error [23] (MAE, from 0 to +∞, optimum 0), the relative root mean square error [24] (RRMSE, from 0 to +∞, optimum 0), the coefficient of residual mass [25] (CRM, from −∞ to +∞, optimum 0), and the modeling efficiency [26] (EF; from -∞ to 1, optimum 1).
Results
By taking LAI-2000 as a reference, the correlations between the measured values of the two smartphone sensors and the reference value were calculated, and the bias of the results obtained by the two smartphone methods was analyzed. As shown in the scatter diagram in Figure 2 , the observed values of LAISmart were approximately evenly distributed on both sides of the 1:1 line (Figure 2a, b, d ). This suggests that there is no obvious systematic deviation between the values obtained by LAISmart and LAI-2000. However, the values obtained by PocketLAI were almost all below the 1:1 line (Figure 2c, e) , suggesting an obvious systematic deviation between the values obtained by PocketLAI and LAI-2000. In other words, the observed LAI values using PocketLAI were underestimated. This pattern can also be found in the statistical characteristics of the observed data( Table 3) .
As shown in Table 3 , the regression lines for LAISmart and LAI-2000 passing through the origin had slopes close to 1.0 (0.94, 0.97, and 0.93 respectively) and a mean value closer to LAI-2000 (biases were 0.07, 0.01, and 0.02 respectively). However, the regression lines for PocketLAI and LAI-2000 had slopes of 0.57 and 0.73 respectively, the maximum deviation of the mean value was 1.32, and the minimum was 1.0. Table 3 also shows that all the regression models established between the results of both smartphone methods and the reference value from LAI-2000 had high coefficients of determination, suggesting that although the two methods had different performance with regard to magnitude, both methods could be used to identify the dynamic tendency of coniferous forest LAI. To judge whether the two smartphone methods can produce a statistically identical result to a reference instrument (LAI-2000) , a hypothesis test was carried out using Student's t-test for the above data. The basic principle of the test is that, for independent experiments on the same objects (here, conifer LAI), the different observation methods should lead to the same statistically significant result. In other words, the data obtained by the different sampling methods should come from the same population.
The Student's t-test results are listed in Table 4 , where H = 0 indicates that the smartphone sensor results come from the same population as the LAI-2000 values and H = 1 indicates the opposite test result. P is the probability that H = 0 can be accepted, and the parameters CI_2.5, CI_97.5 define the 95% confidence interval for the observation bias of LAI-2000 and smartphones. The test results show that the observed results from LAISmart and LAI-2000 on the three days can be considered as being from the same population (H = 0). The probability of being unable to reject the hypothesis on the dates of June 25 and September 22 was greater than 85%. Moreover, the 95% confidence interval for the deviation between LAI-2000 and LAISmart was located approximately with zero as the center of a symmetric region, suggesting that there was little deviation between the two measures, a result that can be approximately considered as a zero deviation. Although the results obtained on May 26 show a slightly lower probability of acceptance (0.6) and an asymmetrical confidence interval, they still could pass the Student's t-test (H = 0). However, for all the observed results from PocketLAI, Student's t-test indicated acceptance of H = 1, suggesting that these observed values could not be considered as coming from the same population as the LAI-2000 data. This means that there was an obvious difference in performance between PocketLAI and LAI-2000, which also was manifested by the confidence interval. These results indicate that the LAI obtained from LAI-2000 was significantly higher than that obtained from PocketLAI because the lower bound (CI_2.5) of the 95% confidence interval for their deviation was greater than zero. Recalling the results in Table 3 , the slopes of all the regression lines between PocketLAI and LAI-2000 were far less than 1.0, showing that in most cases, plant LAI was underestimated by PocketLAI. Figure  3 , and the regressive statistical parameters are shown in Table 5 . The results are similar to the comparison made on separate dates, as shown in Table 3 and Figure 2 . Both methods could measure the dynamic tendency with almost the same coefficient of determination, but the linear regression equation of PocketLAI had a lower slope. RMSE, RRMSE, and MAE, which indicate the accuracy of the two methods, show that LAISmart has much higher accuracy. As for the statistical indices of model efficiency (EF and CRM), in general, the Nash-Sutcliffe model efficiency coefficient (EF) confirmed the overall good performance of LAISmart, with a value of 0.55, whereas PocketLAI had a negative EF (-0.49). The value of E < 0 indicates that the reference mean is better than the mean of PocketLAI. The value of the LAISmart CRM equal to zero indicates that there is no difference between LAISmart and the LAI-2000 instrument, whereas the negative value of the PocketLAI CRM indicates that the LAI from the images at a zenith angle of 57.5° is lower than the reference value.
To visualize the difference in measurement results between these two kinds of smartphones and LAI-2000, their Q-Q plot is shown in Figure 4 . A Q-Q plot is a type of probability plot that compares the probability distribution of two data sets by plotting their quantiles against each other. If the two datasets being compared have similar distributions, the points will lie approximately on the line y = x. If the distributions are linearly related, the points will lie on a line, but not necessarily the y = x line.
The Q-Q plot in Figure 4a basically coincides with the y = x line, although there was a slight bias as the LAI value approached 3.0 m 2 /m 2 , suggesting that the measured values from LAISmart and LAI-2000 can be considered as coming from the same sample population. However, because the PocketLAI line in Figure 4b obviously deviated from the y = x line, it is hard to conclude that the data from PocketLAI obey the same distribution as those from LAI-2000. This result again confirms the result from the Student's t-test, as shown in Table 4Table 3. 
Discussion
A comparison between the measurement results of the two smartphone sensor methods with LAI-2000 indicates that although the measured values obtained by both methods can reflect dynamic changes in coniferous forest LAI, in terms of measurement accuracy, the LAISmart results were closer to those from LAI-2000.
Because the two smartphones had identical hardware configurations and almost identical sampling methods in the experiment, the difference in their results could only have been caused by classification algorithm or shooting zenith angle.
The classification algorithm mainly influenced the canopy gap fraction extracted from the digital image. The algorithm used in both smartphone methods used the blue band as the feature to extract plant and skylight pixels. Therefore, the classification algorithm did not greatly affect these two methods, although even a difference in some specific detail of the programming implementation might have caused a slight bias.
Given that there was not much difference between the classification algorithms, the main factor that can influence gap fraction accuracy is the camera's auto-exposure mode. [27] found that autoexposure might overestimate the canopy gap fraction, but for plants with low canopy density, the gap fraction overestimation caused by auto-exposure would be less than 5%. In these experiments, the maximum LAI as measured by LAI-2000 was 3.48 m2/m2, which can be considered as a lowdensity canopy most of the time. Hence, it can be inferred that at the beginning or end of the experiment, corresponding to leaf emergence and defoliation stages, the accuracy of LAI produced by smartphone methods might be better.
Another reason for gap fraction overestimation could have been the global optimum thresholding method for automatic image segmentation [28] . Due to gap fraction overestimation, the estimated value of LAI was lower than the real LAI. As shown by the results presented in this paper, both methods produced some underestimation. However, underestimation was more severe in PocketLAI than in LAISmart, mostly because canopy gap fraction was overestimated. However, [9] found that the underestimation of LAI caused by gap fraction overestimation was inversely proportional to the real gap fraction. Hence, for sparse discrete plants with a large gap fraction, overestimation of the canopy gap fraction caused by the classification method would not lead to an obvious loss of LAI estimation accuracy. The shooting angle (camera zenith angle) affected LAI extraction accuracy in two main ways: first, the degree of closeness between the G-value used in the model and the real G-value at a specific shooting angle; and second, the proportion of leaf elements that might be influenced by shooting angle under large FOV (field of view). These two aspects will be discussed separately in the following section.
First, the zenith angle of the sensor affects the G-value used in the two smartphone methods. Figure 5 shows the G functions (dashed-dotted lines) measured by LAI-2000 on the three days, as well as the average G functions (grey line) on the three dates. Although G is related not only to viewing zenith angle, but also to leaf inclination angle, for a certain plant type (conifers here), the influence of leaf inclination angle can be ignored. Hence, in this paper, it has been assumed that G is related only to the viewing zenith angle.
Because the FOV of the camera in a mobile phone is basically around 70° [9] , the mean of the Gvalue of the first three angles in LAI-2000 was taken to be the G-value corresponding to the LAISmart viewing zenith angle, and the mean of the last two angles was taken to be the G-value corresponding to the PocketLAI viewing zenith angle of 57.5°. The calculated G-values of the two methods are shown as the solid triangle in Figure 5 .
As shown in Figure 5 , when the image was taken at a small or moderate viewing angle (corresponding to the observation angle in LAISmart), the G-value (0.59) of the coniferous forest was greater than the assumed value (G = 0.5). However, when the zenith angle was larger (corresponding to the observation angle of 57.5° in PocketLAI), the real G-value (<0.49) was slightly less than the assumed value. Note that the G-value corresponding to the viewing angle in PocketLAI should be much lower than the calculated value because G decreased with increased zenith angle, as shown in Figure 5 . With the impact of the camera FOV, the real zenith angle in PocketLAI was greater than 68°, and therefore the corresponding G-value should be less than 0.49. According to Eq. (2), the estimated value of LAI is inversely proportional to G-value, and therefore it can be easily inferred that when the canopy gap fraction is kept constant, the error in G estimation might bring about a positive deviation in LAISmart and a negative deviation in PocketLAI. Under the combined impact of the positive deviation caused by the G-value and the negative deviation caused by gap fraction error, the value measured by LAISmart was close to that measured by LAI-2000. On the other hand, the value estimated by PocketLAI was much lower than the real value because the error sources in PocketLAI were additive for the two factors.
The camera zenith angle and FOV jointly determined the proportion of leaf elements entering the field. At an FOV of 70°, the actual viewing angle in LAISmart should be less than 35°, whereas the maximum viewing angle in PocketLAI is approximately equal to 90°. A large FOV might lead to a dramatic decrease in gap fraction, and this is a major reason why the observed values in PocketLAI were generally lower than those produced by LAISmart and LAI-2000. This phenomenon is similar to the result of the 3D canopy simulation performed by [28] . They found that as the viewing angle increased, the proportion of trunk (woody) components in the visual field increased. Particularly when the viewing angle was greater than 75°, the proportion of trunks sharply increased, and the sharp increase in proportion of trunks greatly increased the ratio of gaps in pictures, making the estimated LAI value lower than the real value. This could partially explain why the LAI was always very much lower when [13] observed coniferous trees with a height greater than 2.0 m.
Therefore, when a digital image-based (e.g., DHP) method is segmented into multi-viewingangle subimages, a small zenith bin size is often used [28] to ensure a good correspondence between the gap fraction and the given sensor's viewing angle. However, another question must then be answered: why can a more accurate result be achieved in LAISmart when the same wide-FOV sensor is used? The answer is provided by the fact that when the LAISmart sensor is operated with vertically upward observation, the plant leaf component still occupies a dominant proportion of the camera FOV, and hence the larger FOV has less effect on canopy gap fraction than in PocketLAI, which is operated at a large viewing zenith angle.
Conclusions
In this research, coniferous canopy LAI in northeastern China was measured using two smartphone sensor-based methods, LAISmart and PocketLAI, and their performance was validated using a sophisticated commercial instrument (LAI-2000). The greatest difference between the two smartphone-based methods is the camera viewing zenith angle: the former is close to 0° and the latter 57.5°. The conifer LAI data collected by the two smartphone applications were compared with those obtained by the LAI-2000 instrument, and the factors that limit the accuracy of the retrieved LAI were analyzed. The following conclusions can be drawn:
(1). The conifer canopy LAI values show a fairly good correlation between the two smartphone methods and the LAI-2000 instrument, suggesting that both methods have the potential to reveal variations in forest canopy leaf cover.
(2). Vertically upward observation, such as the 0° zenith used in the LAISmart method, can help in obtaining observed values that are closer to those of the LAI-2000 instrument.
(3). The two smartphone-based methods show different behaviors with regard to accuracy of the estimated leaf area index when there is uncertainty in the canopy gap fraction and the leaf projection coefficient (G). For LAISmart, the effects of an overestimated canopy gap fraction may be compensated for by the underestimated G-value when estimating LAI; for PocketLAI, the effects of an overestimated canopy gap fraction and an underestimated G-value on LAI are cumulative. (4) . The large field of view (FOV) of the smartphone camera sensors had different effects on these two methods. For LAISmart, when vertically upward observation was performed, a large FOV did not obviously decrease the leaf component in the field, whereas with PocketLAI, too many trunks and canopy gaps were included under the combination of the sensor's large zenith angle and large FOV. This is one of the factors that make it difficult for PocketLAI to measure coniferous forest canopy LAI accurately.
Compared with a professional canopy analyzer or a digital single-lens reflex (SLR) camera, the smartphone has some advantages such as light weight, low price, and high environmental adaptability. According to current experimental data and analytical results, smartphone sensor-based methods can produce acceptable LAI data if they are operated vertically upwards. However, to improve the accuracy of such methods and to avoid inappropriate G-values that will affect measurement accuracy, it is suggested to measure some ESUs to obtain a reference G-value before taking measurements using the smartphone method and then to configure the smartphone application with the measured G-value (LAISmart provides an interface for assignment of G-value). Camera zenith angle must be chosen carefully during experimental applications of the smartphone method, and if coniferous trunks are over 2 m tall, it is suggested to acquire images using zenith angle observation.
